The silicon divacancy is one of the main defects of concern in radiation damage studies of ChargeCoupled Devices (CCDs) and, being immobile at room temperature, the defect is accessible to a variety of characterisation techniques. As such, there is a large amount of (often conflicting) information in the literature regarding this defect. Here we study the donor level of the divacancy, one of three energy levels which lie between the silicon valence and conduction bands. The donor level of the divacancy acts as a trap for holes in silicon and therefore can be studied through the use of a p-channel CCD. The method of trap-pumping, linked closely to the process of pocket-pumping, has been demonstrated in the literature over the last two years to allow for in-situ analysis of defects in the silicon of CCDs. However, most work so far has been a demonstartion of the techinique. We begin here to use the technique for detailed studies of a specific defect centre in silicon, the donor level of the divacancy. The trap density post-irradiation can be found, and each instance of the trap identified independently of all others. Through the study of the trap response at different clocking frequencies one can measure directly the defect emission time constant, and through tracking this at different temperatures, it is possible to use Shockley-Read-Hall theory to calculate the trap energy level and cross-section. A large population of traps, all with parameters consistent with the donor level of the divacancy, has been studied, leading to a measure of the distribution of properties. The emission time constant, energy level and cross-section are found to have relatively large spreads, significantly beyond the small uncertainty in the measurement technique. This spread has major implications on the correction of charge transfer inefficiency effects in space applications in which high precision is required.
Introduction
The Charge-Coupled Device (CCD) has been one of the main detectors of choice for space science and astronomy missions for several decades. When used in space, the detectors are subjected to an often harsh radiation environment. This radiation, dominated by high energy particles such as protons and electrons and dependent on the location and orbit, can cause significant damage to devices. As the science goals of missions such as Euclid [1] and Gaia [2] become evermore demanding, the impact of radiation on the detector performance becomes increasingly important. Without sufficient mitigation and correction, radiation damage effects could destroy the chances of a mission achieving its full science goals for a significant portion of the mission lifetime.
When a high-energy proton passes through the silicon of a CCD, silicon atoms can be displaced from their lattice positions, creating vacancies (absences of silicon atoms at lattice positions) that are highly mobile and can diffuse through the lattice until they form a stable defect state at the current temperature. The stable state may be formed by a vacancy coupling to an impurity or dopant atom, such as in the Si-A centre (vacancy with oxygen [3] ) or Si-E centre (vacancy with phosphorous [4] ), or with another vacancy to form the divacancy (Section 2). The defect structures produced can create additional energy levels between the valance and conduction bands in the silicon.
The mid-gap energy levels act as trapping centres for charge carriers as they are transferred through the device, with charge carriers being captured and then released at a later time (determined by the trap emission time constant), smearing the resulting image. In an n-channel CCD, the signal is generated and stored as electrons, and therefore the energy levels near the conduction band (acceptor levels) can act as electron traps. In a p-channel CCD, the signal is generated and stored as holes, and therefore the energy levels near the valance band (donor levels) can act as hole traps. The issue of the 'radiation hardness' of a detector, be that n-channel or p-channel, has often been compared [5] , but what is most relevant here is the difference in the densities of the trap species that are most detrimental to the achievement of the mission science goals. If one wishes to measure the number of photons detected, the smearing of signal by one or two pixels may not have a major impact and the total signal can be summed. However, if one wishes to measure shape changes to objects being detected, then a small shift of the signal by one or two pixels is the most detrimental to the science performance. For this reason, one must know the full details of the trap species present and in what densities they are produced for any specified radiation dose.
Each trap species will have a related emission time consant, dependent on the distance between the energy level and the valance or conduction band, that defines the release of trapped holes or electrons respectively. The probabilities of capture and emission of charge can be calculated using Shockley-Read-Hall theory [6] [7] . It is these probabilities that can be used to probe the parameters of individual traps within a CCD through the technique of trap-pumping. This technique has been demonstrated over the last two years as a very effective method of investigating trap properties, although results published so far are limited to conference proceedings and proof of concept demonstrations, such as in [8] and [9] . Here we present a more in depth study of the donor level of a single defect species, the divacancy, in a p-channel CCD.
The Divacancy
In a radiation environment a divacancy can be formed by the agglomeration of two vacancies (vacancies are mobile even at low temperatures) or the simultaneous displacement of two adjacent silicon atoms from their lattice sites, Figure 1(a) . From a technological viewpoint, the divacancy is considered to be the most important intrinsic defect in silicon and it is stable even at room temperature [10] . The two missing atoms, shown in grey on Figure 1(a) , affect the bonding of the lattice thus causing an "extended bond" to form, as shown by the dotted line; it is in this region that the electrons or holes are thought to be "captured" by the related acceptor or donor levels respectively.
From an experimental viewpoint the divacancy has four charge states (+1, 0, -1, -2) [11] introducing in the band gap three deep energy levels [12] . These trap levels correspond to a singly ionised donor state (0/+), a singly ionised acceptor state (-/0) and doubly ionised acceptor state (=/-). The donor level will act to trap holes within a p-channel CCD, whilst the two acceptor levels will trap electrons in an n-channel CCD. In both detector flavours the emission time constants associated with each trap energy level fall within the timescales that have a noticeable and detrimental impact on device readout for typical readout and operating temperatures.
In a review by Pichler [14] it is concluded that Deep Level Transient Spectroscopy (DLTS) measurements generally agree on the single and double acceptor levels being found at E c − 0.39 to 0.43 eV and E c − 0.21 to 0.23 eV respectively (refer to Table 2.9 in [14] ). In the same review, the donor level of the divacancy was found to be reported between E v + 0.18 and 0.23 eV, although more recent studies confirm the donor level being situated around E v + 0.19e eV. The energy levels of the three states are shown diagrammatically in Figure 1 (b).
(a) A diagrammatic interpretation of the divacancy showing the two 'missing' silicon atoms or vacancies, based on a representation from [13] .
(b) Three energy levels between the valence and conduction band in silicon are associated with the divacancy. Energy levels are taken from [14] . In a more recent study, Mostek et al. [15] , using a variant of pocket-pumping, albeit in the temperature domain rather than in the time domain as discussed in Section 3, suggests that the donor level of the divancy is situated at E v + 0.184 ± 0.012 eV. This result, consistent with the results discussed above, was chosen as the starting point for our study. Here, however, we use a more powerful variation of the pocket pumping technique, as discussed in the following section, in which we are able to analyse the properties of individual defects in great detail.
Single-trap Pumping Technique
Whilst there are many techniques that allow the study of defects (traps) in the silicon lattice (e.g. Deep Level Transient Spectroscopy (DLTS) [16] ), the majority of these techniques only allow the study of full populations of traps in a device. Averaged properties of trap species can be calculated but there is no way to study the distribution of individual trap properties across a device.
Pocket pumping [17] can be used to study potential pockets in a device. The device is exposed to a flat-field of signal before the charge generated is "pumped" back and forth between two or more row pixels or register elements. As the charge packets pass over potential pockets in the device, charge is captured and later emitted, building up signal "dipoles" in the image, i.e. one dark pixel (from which charge has been removed) and a neighbouring bright pixel (into which charge has been deposited), Figure 2 (a). The amplitudes of the bright and dark pixels are equal and opposite and are dependent on the properties of the pocket (or trap) and how these relate to the conditions of operation.
More recently, pocket pumping has been developed to allow the location and trapping efficiency of single traps to be found [18] . Through the careful selection of the operating conditions it has been demonstrated that the properties of individual defects or traps in the silicon of a CCD can not only be located, but the emission time constant of each individual trap can be found within uncertainties of only a few percent [19] . Using this powerful technique it is now possible to study the properties of traps in the CCD, with locations known at the sub-pixel level, and to see the actual distribution of the energy levels and capture cross-sections of traps.
This single-trap pumping technique is explained in detail in [19] ; only a brief summary is provided here for ease of reference, considering a three-phase device for demonstration purposes. A four-phase device can equally be studied through the clocking of one pair of neighbouring phases as a single "phase".
Following illumination with a flat-field of signal under, for example, Phase 1, the charge in the device is shuffled to Phase 2, then Phase 3, into Phase 1 in the neighbouring pixel and then back through phases 3 and 2 until the charge returns to its initial position, Figure 2(b) . For the example shown of a trap being present under Phase 2, an electron is only transferred from one charge packet to its nearest neighbour if it is emitted between one clock period after capture (> t ph ) and before two clock periods have passed (< 2t ph ). Using Shockley-Read-Hall theory [6] [7] , the probability of an electron being transferred during one clocking cycle is found [19] to be given by Equation 3.1.
Repeating the cycle a number of times, N, and assuming a probability of capture for the trap in question of P c , to a first approximation the amplitude I of the dipole is described by Equation 3.2. By repeating the pumping at a range of clock periods a profile for each dipole can be produced to which the fitting of Equation 3.2 will allow the determination of the trap emission time constant and capture probability. Furthermore, if the process is repeated over a range of temperatures, through the use of Shockley-Read-Hall theory one can find the energy level and cross-section of each individual trap within the CCD independently of all others 1 .
From a starting position of Phase 1, only traps in phases 2 and 3 show dipoles, with the phase of the dipole determined by the polarity. To find traps in Phase 1, the pumping cycle must begin in either Phase 2 or Phase 3.
Experimental Study
To study the donor level of traps in-situ, one must use a p-channel CCD; we are looking here into the trapping and emission of holes rather than electrons. For this purpose, an e2v p-channel CCD, made using the same mask-set as the e2v CCD204, was irradiated at the Kernfysisch Versneller Instituut (KVI) to a fluence of 2 × 10 9 protons per cm 2 (10 MeV equivalent) at a primary beam energy of 190 MeV that was reduced to 50 MeV before the device. The p-channel CCD204-22 has a four-phase image area of 4k × 1k × 12 µm pixels. An area in the device of 1000 × 888 pixels in one half was selected in the irradiated region (at the limits of the flatness of the irradiation) and compared with a non-irradiated area (shielded during the irradation) of 501 × 888 pixels; these regions were selected as the maximum areas available for analysis, limited by the edges of the masking used for the irradiation of the device.
Using the method detailed above (Section 3) and explained in more detail in [19] , the imagearea of the device was clocked for values of t ph (the dwell time under each phase) ranging from 2 µs to 20 ms, with the step-length varying from approximately 2 µs to 150 µs to efficiently cover the time range. At least 100 images (and therefore 100 different values of t ph ) were taken at each temperature studied.
Three temperatures were selected to allow the determination of the energy level and crosssection of the traps encountered: -114.0±0.1 • C, -119.2±0.1 • C and -124.0±0.1 • C. The temperatures were selected to allow coverage of the expected emission time constant range for the donor level of the divacancy from the literature (see Section 2).
Phases 1 and 2 were clocked together to create a pseudo-three-phase pumping scheme (i.e. 1&2, 3, 4, 1&2, 4, 3, restart) 4000 times (from Equation 3.2, N = 4000). A flat-field of approximately 25000 holes signal was provided by a Light-Emitting Diode (LED) in the vacuum chamber, providing the background signal to be "pumped".
Dipoles with an amplitude greater than 3σ above the local background signal were automatically found in the images and the amplitudes I then tracked through all images across all values of t ph . The data produced (i.e. I vs. t ph ) were then fitted independently with Equation 3.2 to provide the emission time constant τ e and capture probability.
The analysis presented below is restricted to dipoles which had what was deemed a 'good fit' to the analytical function (Equation 3.2). The function was fitted to the data using a non-linear minimisation of the sum of squared residuals. The strength of the fit is parameterised by a Pearson's correlation coefficient r with a magnitude between positive one and zero, one being a perfect fit to the data, zero being no correlation [20] . The cut-off was taken at r = 0.9 to provide a balance between the number of dipoles analysed and the standard deviation of the resulting emission time constants; as the r value cut-off decreases, although the number of dipoles selected for analysis increases, the standard deviation of the emission time constant distribution also increases, implying the unwanted inclusion of non-divacancy-like defects in the analysis.
Results
The number of dipoles identified provides an estimate of the number of divacancy defects present in both the irradiated and control sections of the device. For the control section the defect density has been found to be (3.1 ± 0.4) × 10 −3 pixel −1 . Following an unbiased irradiation at room temperature, the irradiated region of device provided a defect density of (1.1 ± 0.1) × 10 −1 pixel −1 . In both cases, from the associated emission time constants, the defects are consistent with the donor level of the divacancy.
The values given are averaged across all three temperatures tested and have been corrected to reflect that the trap-pumping technique only probes defects beneath certain regions of the barrierphase electrodes; the volumes probed were analysed using the model detailed in Skottfelt et al. [21] . It is important to note that these values do not reflect the true number of divacancies present in the entire pixel volume, but rather the number that can be assumed to interact with a signal charge cloud of this size. This charge cloud size can be cross-referenced with the charge packet density using Silvaco Atlas simulations [21] .
For each identifiable dipole an intensity curve was produced at each phase time tested and subsequently fitted with a curve corresponding to Equation 3.2. Fitting was carried out using the Nelder-Mead method which gives an unconstrained, non-linear minimization of the sum of squared residuals. The strength of the fit was defined by the Pearson correlation coefficient, using a minimum threshold of 0.90.
Once intensity curves have been fitted the defect emission time constants are obtained from the related fit parameters. For those defects producing reliable curves at all three temperatures, the emission time constant was plotted against temperature, as shown in Figure 3(a) . Each line in the figure corresponds to a single tracked defect across three temperatures.
In Figure 4 we show the distribution of the divacancy emission time constants at the three temperatures tested. The distribution contains a relatively large spread, albeit smaller than the total spread suggested in [15] . The measurement uncertainty for this method has been calculated from the deviation of the individual defect curves (Figure 3(a) ) from a SRH-based characterstic curve and has been found to be of the order of a few percent; this value varies slightly from trapto-trap depending on their location within the charge packet (and therefore probability of capture and dipole intensity). Therefore, it is believed this is a genuine spread, possibly related to minor variations in the defect structure (e.g. the exact alignment of the silicon atoms and that of the surrounding lattice).
The curves shown in Figure 3 (a) can be fit based on SRH theory to determine the energy level and cross-section of the responsible defect. The distribution of calculated energy levels and cross-sections are shown in Figure 5 and Figure 6 respectively. The mean energy level above the valence band edge is found to be 0.20 ± 0.02 (± 0.005) eV, where the value of 0.02 eV represents a genuine spread which is seen in the calculated energy levels but does not arise from measurement uncertainty (measured at 0.005 eV). Although we see a range of energies, the grouping of energy levels shows no discernible trends that would be consistent with a variation in trap species; we believe all the traps that have been analysed and presented here to be the divacancy.
The mean value for the cross-section has been found to be 3 × 10 −15 cm 2 . It is worth noting that uncertainties in the normal sense are not relevant here as we expect genuine spread in crosssection values due to field, temperature dependencies and other effects which are contained within the capture cross-section. We see a range in the cross-section of 7 × 10 −16 cm 2 to 9 × 10 −15 cm 2 for approximately one sigma above and below the mean.
It might be expected that the defects with the longest emission time constants (i.e. the 'slowest' defects) are those which lie furthest from the band edge. Figure 7 shows the relationship between the emission time constant of each defect and the calculated values of energy for each defect analysed. It can be seen in Figure 7 that although there is a possible broad trend between longer emission time constants and higher calculated energy levels, the distribution is otherwise fairly evenly spread. This leads us to believe that a number of factors are responsible for the large spread in the emission time constant distribution, as indicated above, rather than a single cause. 
Conclusions
The divacancy can be a particularly troublesome defect in both n-channel and p-channel CCDs, with an emission time constant within the desirable range of clock timings. The donor-level of the divacancy, capable of capturing holes, is of particular importance for the study of p-channel CCDs as a possible future replacement for n-channel CCDs in space astronomy telescopes. Through the use of the trap-pumping technique, over 40,000 single occurances of the divacancy have been studied individually. The collective properties of the studied population of divacancies are summarised in Table 1 .
Perhaps of most signficance is the measure of the distribution of the properties of the popultion of traps that are all considered to be within the scope of the properties expected of the divacancy. This relatively large spread in emission time constants measured, and consequently in the calculated energy levels and cross-sections, suggests that we are measuring the impact of, for example, small deviations in the silicon lattice surrounding the defect locations.
A similar analysis is possible on other trap species for both n-channel and p-channel CCDs. Through the use of the methods detailed in this paper, a deeper understanding and more detailed analysis of the parameters of the dominant trap species in CCDs can be implemented, leading to improved device operating modes to minimise the impact of the traps [22] . As science goals become more demanding, the understanding of defects in CCDs for space applications becomes ever more important to mission success. The fine line between the success and failure of a mission may depend on the ability to mitigate and correct radiation damage effects. With the increased knowledge gained throught trap-pumping, studying individual traps in-situ, we will be able to make great strides forwards towards more substantial mitigation and more accurate correction of images from radiation-damaged CCDs. . Through the same fitting process as that used to find the trap energy level, the cross-section can be found. The mean cross-section was found to be 3 × 10 −15 . Figure 7 . The emission time constants shows no correlation with energy, demonstrating a bell-shaped distribution in both time and energy.
